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Introduction {#phy213214-sec-0001}
============

Individuals living with spinal cord injury (SCI) have a significantly greater risk for heart disease and stroke, and cardiovascular disease is the leading cause of death and morbidity (Kessler et al. [1986](#phy213214-bib-0034){ref-type="ref"}; Cardus et al. [1992](#phy213214-bib-0011){ref-type="ref"}; Whiteneck et al. [1992](#phy213214-bib-0074){ref-type="ref"}; DeVivo et al. [1993](#phy213214-bib-0016){ref-type="ref"}; DeVivo [1997](#phy213214-bib-0015){ref-type="ref"}; Frankel et al. [1998](#phy213214-bib-0018){ref-type="ref"}; Groah et al. [2001](#phy213214-bib-0025){ref-type="ref"}; West et al. [2012](#phy213214-bib-0072){ref-type="ref"}; Cragg et al. [2013](#phy213214-bib-0013){ref-type="ref"}). The risk for cardiovascular disease is associated with an unstable autonomic control of the heart and vasculature, a relatively sedentary lifestyle (Inskip et al. [2010](#phy213214-bib-0032){ref-type="ref"}) and blood lipid profiles consisting of elevated total and low‐density lipoprotein cholesterol and depressed high‐density lipoprotein cholesterol (Bauman et al. [1992](#phy213214-bib-0006){ref-type="ref"}, [1999](#phy213214-bib-0009){ref-type="ref"}; Cardus et al. [1992](#phy213214-bib-0011){ref-type="ref"}). Relative inactivity associated with SCI also results in a reduced muscle mass and increased adiposity. As such, individuals living with SCI often experience insulin resistance, hyperinsulinemia and an atherogenic profile that contributes to early development of coronary artery disease (CAD). Specifically, autonomic dysfunction, relative inactivity and adverse changes in body composition lead to metabolic changes that promote CAD in individuals living with SCI (Whiteneck et al. [1992](#phy213214-bib-0074){ref-type="ref"}; Bauman et al. [1993](#phy213214-bib-0007){ref-type="ref"}, [1994](#phy213214-bib-0008){ref-type="ref"}; Lee et al. [2006](#phy213214-bib-0041){ref-type="ref"}; Bauman and Spungen [2007](#phy213214-bib-0004){ref-type="ref"}; Orakzai et al. [2007](#phy213214-bib-0060){ref-type="ref"}). An untoward cardiac incident is related to the degree of CAD, suggesting that the occurrence of a significant cardiac event is significantly higher for individuals with SCI (Fleg et al. [1990](#phy213214-bib-0017){ref-type="ref"}). Accordingly, understanding the response to myocardial ischemia has the potential to positively impact individuals and families living with SCI and provides an improved approach to clinical care.

In this context, the cardiovascular response to coronary artery occlusion is mediated, in part, by a cardiac spinal reflex as well as the arterial baroreflex. Both reflexes increase heart rate and arterial pressure during reductions in cardiac output caused by the myocardial ischemia‐induced reductions in cardiac performance. Specifically, ischemic metabolites are released during myocardial ischemia that stimulate cardiac spinal afferents (Uchida and Murao [1974](#phy213214-bib-0070){ref-type="ref"}; Baker et al. [1980](#phy213214-bib-0003){ref-type="ref"}; Malliani et al. [1981](#phy213214-bib-0054){ref-type="ref"}; Pan et al. [1999](#phy213214-bib-0061){ref-type="ref"}; Fu and Longhurst [2002](#phy213214-bib-0019){ref-type="ref"}, [2005](#phy213214-bib-0020){ref-type="ref"}; Tjen et al. [2002](#phy213214-bib-0069){ref-type="ref"}; Fu et al. [2005](#phy213214-bib-0021){ref-type="ref"}) leading to elevations in sympathetic activity, heart rate, and arterial blood pressure (Malliani et al. [1981](#phy213214-bib-0054){ref-type="ref"}; Meller and Gebhart [1992](#phy213214-bib-0057){ref-type="ref"}; Longhurst et al. [2001](#phy213214-bib-0042){ref-type="ref"}). Transection of the dorsal roots disrupts this excitatory cardiac sympathetic reflex and reduces heart rate and arterial pressure during myocardial ischemia (Lujan et al. [2011](#phy213214-bib-0051){ref-type="ref"}). In addition, cardiac output and arterial pressure are reduced during myocardial ischemia which initiates a dramatic arterial baroreflex‐mediated increase in sympathetic outflow and decrease in parasympathetic outflow to the heart as well as an increased sympathetic outflow to the vasculature. Importantly, individuals with SCI at thoracic level 5 have a functional loss of the cardiac spinal reflex and the arterial baroreceptor reflex *below* the level of the injury and thus fail to excite sympathetic preganglionic neurons below T~5~. Accordingly, the tolerance to coronary artery occlusion is expected to be markedly impaired in T~5~X mice (Lujan et al. [2011](#phy213214-bib-0051){ref-type="ref"}).

Accordingly, we systematically investigated if thoracic level 5 spinal cord transection (T~5~X; paraplegia) alters the arterial blood pressure response to coronary artery occlusion and if the different arterial blood pressure responses to coronary artery occlusion between intact and paraplegic mice are mediated by changes in cardiac output and or peripheral resistance and whether differences in cardiac output are mediated by variations in heart rate and or stroke volume. To achieve this goal, mice were instrumented to record cardiac output, arterial pressure, and the electrocardiogram (ECG) (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014c](#phy213214-bib-0048){ref-type="ref"}). In addition, a vascular occluder was placed around the left main coronary artery (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014c](#phy213214-bib-0048){ref-type="ref"}). Following recovery, mice were subjected to T~5~X or sham T~5~X. Two weeks later, the tolerance to 3 min of occlusion of the left main coronary artery was determined by using the coronary vascular occluder.

Materials and Methods {#phy213214-sec-0002}
=====================

Animals {#phy213214-sec-0003}
-------

All procedures involving animals were in accord with The American Physiological Society\'s Guiding Principles in the Care and Use of Animals. Approval for all procedures and protocols involving animals was provided by the Animal Care and Use Committee of Wayne State University. Twelve adult male C57BL/6 mice 3--4 months of age, (*n *=* *6, midthoracic spinal cord transected \[T~5~X\]; and *n *=* *6, sham transected \[intact\]) were studied 14 days postspinal cord transection or sham transection.

The study was designed to determine the fundamental hemodynamic mechanisms responsible for the impaired capacity to maintain arterial blood pressure during coronary artery occlusion in conscious paraplegic (T~5~X) mice. Although intact mice tolerate coronary artery occlusion for at least 90 min leading to myocardial infarction (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}); paraplegic mice tolerate coronary artery occlusion for \<2 min. Accordingly, a 3‐min period of occlusion was selected for comparison between groups.

Following anesthesia with pentobarbital sodium (60 mg/kg ip), the mice were atropinized (0.05 mg/kg ip), intubated, and prepared for aseptic surgery. Supplemental doses of pentobarbital sodium (10--20 mg/kg ip) were given if the mice responded to tail pinch.

Thoracotomy procedures {#phy213214-sec-0004}
----------------------

Following anesthesia, a thoracotomy was created through the second intercostal space and the sheath of the pericardium that spreads over the ascending aorta was removed. An appropriately sized (1.6‐mm) silicone‐type Doppler ultrasonic flow probe (Iowa Doppler Products, Iowa City, IA) was placed around the ascending aorta as recently described (Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014c](#phy213214-bib-0048){ref-type="ref"}). The flow probe wires were channeled subcutaneously and exited at the dorsal aspect of the neck. Next, a vascular occluder was positioned around the coronary artery as recently described (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014c](#phy213214-bib-0048){ref-type="ref"}). The ends of the vascular occluder were passed through guide tubing and exited at the dorsal aspect of the neck (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014a](#phy213214-bib-0046){ref-type="ref"},[c](#phy213214-bib-0048){ref-type="ref"}). The local anesthetic, bupivicaine, was injected (sq) at the incision site. Next, ECG electrodes (DataSciences International, Standard Lead Coupler Kit: 276‐0031‐001) were placed in a modified lead II configuration, tunneled subcutaneously and exited at the dorsal aspect of the neck as previously described in mice (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014a](#phy213214-bib-0046){ref-type="ref"},[c](#phy213214-bib-0048){ref-type="ref"}). Finally, a catheter from a telemetry device (Data Sciences International, PA‐C10), for recording arterial pressure, was inserted into the left carotid artery until the tip reached the aortic arch (Kurtz et al. [2014](#phy213214-bib-0039){ref-type="ref"}). The transmitter body was placed subcutaneously on the left side.

All animals remained ventilated and on a feedback‐based temperature control system until recovered from the anesthesia. Following recovery from the anesthesia, the mice were housed in a "rodent recovery cage" (Thermocare^®^ Intensive Care Unit, Braintree Scientific, Braintree MA) and returned to the animal facility the following day. Carprofen (5 mg/kg, sq) and cefazolin (10 mg/kg, sq) were continued for 2 days. A minimum ten‐day recovery period was enforced during which the mice were weighed and acclimatized to the laboratory and investigators.

Spinal cord transection (T~5~X) or Sham transection {#phy213214-sec-0005}
---------------------------------------------------

Following the minimum ten‐day recovery period, the mice were anesthetized as defined earlier and subjected to complete thoracic level 5 spinal cord transection (T~5~X) or sham spinal cord transection. Specifically, the spinous process and laminae of the 4th thoracic vertebrae were removed exposing the 5th thoracic spinal cord segment. The 5th thoracic spinal cord segment is positioned below the 4th thoracic vertebral because the spinal cord is shorter than the vertebral column. Sympathetic preganglionic neurons projecting to the heart leave the spinal cord via the 1st through 4th thoracic spinal cord segments (Strack et al. [1988](#phy213214-bib-0065){ref-type="ref"}). Accordingly, spinal cord transection between the 5th and 6th thoracic spinal cord segments maintains supraspinal control of preganglionic neurons projecting to the heart but loss of supraspinal control of preganglionic neurons below the thoracic level 5 spinal cord segment. The extensiveness of the spinal cord transection was established by visually inspecting the transection site. Undistinguishable procedures were followed for the sham transected mice, except the spinal cord was not transected. All mice received a supplemented nutritious diets (Bio‐Serv, Frenchtown, NJ).

Experimental procedures {#phy213214-sec-0006}
-----------------------

### Response to myocardial ischemia {#phy213214-sec-0007}

The experimental procedures were conducted in conscious and unrestrained mice. All physiological measurements (cardiac output, arterial blood pressure, and the electrocardiogram) were made as previously described (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014a](#phy213214-bib-0046){ref-type="ref"},[c](#phy213214-bib-0048){ref-type="ref"}; Kurtz et al. [2014](#phy213214-bib-0039){ref-type="ref"}) with the mice in their standard home cages during the light cycle. Temperature within the cage was maintained within the thermoneutral zone for mice of approximately 29--31°C (Swoap et al. [2004](#phy213214-bib-0066){ref-type="ref"}). Mice adapted to the experimental conditions for approximately 2 h to ensure stable hemodynamic conditions.

Following the adaptation period, the left main coronary artery was temporarily occluded for 3 min using the coronary vascular occluder as previously described (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014a](#phy213214-bib-0046){ref-type="ref"},[c](#phy213214-bib-0048){ref-type="ref"}). Expected responses in the ECG (peaked T wave and S‐T segment elevation), and a rapid fall in cardiac output and arterial pressure documented coronary artery occlusion (Fig. [1](#phy213214-fig-0001){ref-type="fig"}) (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014a](#phy213214-bib-0046){ref-type="ref"},[c](#phy213214-bib-0048){ref-type="ref"}). Upon release, *intact* mice experienced sustained ventricular tachycardia (absence of p wave, wide QRS complex) \>900 beats/min as well as a reduced cardiac output and arterial blood pressure (Curtis et al. [2013](#phy213214-bib-0014){ref-type="ref"}). Gentle chest compressions or, in some cases, person to mouse ventilation via a small tube over the nose and mouth restored normal sinus rhythm.

![One second original recordings of cardiac output, arterial pressure, and the electrocardiogram for one intact (panel A) and one paraplegic (panel B) mouse are presented. Coronary artery occlusion significantly reduced arterial pressure in paraplegic mice. The reduced arterial pressure was mediated by a reduced cardiac output. None of the T~5~X mice tolerated 3 min of occlusion. In this example, the duration of the occlusion for the T~5~X mouse was 1.6 min.](PHY2-5-e13214-g001){#phy213214-fig-0001}

None of the paraplegic mice tolerated the occlusion for more than 2 min. The occlusion was terminated when cardiac output and arterial pressure were virtually zero and the mice required gentle compression of the thorax and person to mouse ventilation using a customized tube over the nose and mouth for survival. One week after the experimental protocol, the hearts were harvested from all mice.

### Determination of the ischemic zone (*n* = 3/group) {#phy213214-sec-0008}

One week after completion of the experimental protocols, the mice were deeply anesthetized and the hearts and aortae were removed with the coronary vascular occluder in place. The hearts and aortae were immediately immersed in heparinized saline to remove remaining intracavitary blood. Subsequently, the aorta was cannulated and perfused with 1--2 mL saline until the saline drained clear from the coronary sinus (Bohl et al. [2009](#phy213214-bib-0010){ref-type="ref"}). Next, the coronary vascular occluder was tied to block flow through the left main coronary artery. Evans blue dye (250 *μ*L, 0.5%) was then sent via the aorta, so that the dye entered and stained the nonischemic zone of the heart. The ischemic zone remained unstained. The heart was then trimmed leaving only the ventricles. The ventricles were rinsed to remove the excess dye; then sliced from apex to base into approximately four to six sections (∼1 mm thickness). Ventricular sections were compressed between two microscope slides to achieve uniform thickness and images of each ventricular section were obtained with a digital camera mounted on a microscope. The total ventricular section area and the ischemic ventricular zone of each heart section were quantified using the SPOT Imaging software (version 4.7, SPOT Imaging Solutions, Sterling Heights, MI). As noted above, the ischemic ventricular zone was devoid of Evans blue dye. The percentage of the ischemic ventricular zone was calculated for each section by dividing the ischemic ventricular zone by the total ventricular area. The ischemic zones for all ventricular sections were averaged to obtain the percentage of the ventricle that was ischemic. There were no differences in the ischemic ventricular zone between the intact and paraplegic mice (62 ± 5 vs. 60 ± 4%).

#### Preparation of heart sections (*n* = 3/group) {#phy213214-sec-0009}

One week after completion of the experimental protocols, the mice were deeply anesthetized and the hearts and aortae were removed (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"}, [2014c](#phy213214-bib-0048){ref-type="ref"}). The ventricles were quickly rinsed in 10 mmol/L Tris, 0.9% NaCl, 0.05% thimerosal in 10 mmol/L phosphate buffer, pH 7.4 (TPBS), then immersion fixed in formaldehyde/zinc fixative for 60 min, washed in TPBS (3 × 10 min), then cryoprotected overnight in 30% sucrose (prepared in half strength TPBS). The OCT embedded ventricles were sectioned transversely from the apex to the base (short axis) at 10 *μ* intervals leaving an interval of 300 *μ* between ventricular sections. Ventricular sections were thaw mounted on Superfrost Plus slides and stained with Masson Trichrome to determine if the vascular occlusion caused cardiac damage.

Data analysis {#phy213214-sec-0010}
-------------

All physiological recordings were obtained at a sampling frequency of 4 kHz. All data were expressed as means ± SE. A two‐way repeated measures ANOVA was used to determine time and group (intact and T5X) responses in arterial pressure, cardiac output, systemic peripheral resistance, heart rate and stroke volume before coronary artery occlusion, during coronary artery occlusion and 30 min postocclusion.

A second two‐way repeated measures ANOVA was used to compare the change in all hemodynamic variables from preocclusion values during coronary artery occlusion and 30 min postocclusion. Finally, a one‐way repeated measures ANOVA was used to compare all hemodynamic variables from preocclusion values, during coronary artery occlusion and 30 min postocclusion in intact and T5X groups. The Holm‐Sidak post hoc procedure was used for post hoc pair wise comparisons. A value of *P *\<* *0.05 was considered statistically significant.

Standard calculations {#phy213214-sec-0011}
---------------------

Cardiac output (Q), in mL/min, was calculated by:

$$Q = \text{kHZ\ of\ Doppler\ frequency\ shift} \times K$$

where *K* = 1.24 × *d* ^2^, \[*d* is the cuff diameter of the flow probe, (Haywood et al. [1981](#phy213214-bib-0028){ref-type="ref"})\].

Systemic peripheral resistance was calculated by:

$$\begin{array}{r}
{\text{Peripheral\ resistance\ (mmHg/mL/min)} = \text{mean\ arterial}} \\
{\text{pressure\ (mmHg)}/\text{cardiac\ output\ (mL/min)}} \\
\end{array}$$

Stroke volume (SV), in *μ*L/beat, was calculated by:

$$\begin{array}{cl}
{\text{SV}(\mathit{\mu}\text{L/beat})} & {= \text{Cardiac\ Output}(\mathit{\mu}L/\min)/} \\
 & {\text{heart\ rate}(\text{beats}/\min)} \\
\end{array}$$

Results {#phy213214-sec-0012}
=======

Original recordings of cardiac output, arterial blood pressure, and the ECG before coronary artery occlusion (preocclusion) at minutes 1, 2, and 3 of coronary artery occlusion and following 30 min of reperfusion in a conscious intact (Panel A) and paraplegic (Panel B) male mouse are presented in Figure [1](#phy213214-fig-0001){ref-type="fig"}. Coronary artery occlusion significantly reduced arterial pressure only in the mouse with paraplegia (Panel B). The ECG showed the expected changes including a peaked T wave and S‐T segment elevation. None of the T~5~X mice tolerated 3 min of coronary artery occlusion and all mice required resuscitation at the time of release. The duration of occlusion before requiring intervention in this example was 1.6 min for the paraplegic mouse.

Figure [2](#phy213214-fig-0002){ref-type="fig"} presents arterial blood pressure (Panel A), cardiac output (Panel B), systemic peripheral resistance (Panel C), heart rate (Panel D), and stroke volume (Panel E) before coronary artery occlusion (preocclusion), during coronary artery occlusion and following 30 min of reperfusion in conscious intact and paraplegic mice. Preocclusion arterial pressure, cardiac output, and stroke volume were significantly lower while preocclusion heart rate was significantly higher in the T~5~X mice. There was no difference in preocclusion systemic peripheral resistance.

![Arterial pressure (Panel A), cardiac output (Panel B), systemic peripheral resistance (Panel C), heart rate (Panel D), and stroke volume (Panel E) in conscious intact and paraplegic mice are presented. Preocclusion arterial pressure, cardiac output, and stroke volume were significantly lower while heart rate was significantly higher in T~5~X mice. There was no difference in preocclusion systemic peripheral resistance. The lower preocclusion arterial pressure in the mice with paraplegia was the result of a lower cardiac output with no contribution of systemic peripheral resistance. Since preocclusion heart rate was significantly elevated in the mice with paraplegia, the lower preocclusion cardiac output was the result of a lower stroke volume. Moreover, T~5~X mice had an impaired ability to maintain arterial blood pressure during coronary artery occlusion as arterial pressure fell to near lethal levels by 1.38 ± 0.64 min. The impaired ability to maintain arterial pressure during coronary artery occlusion in paraplegic mice was mediated by a lower cardiac output as peripheral resistance was elevated. The lower cardiac output was mediated by a reduced stroke volume and heart rate. \**P* ≤ 0.05, T5X versus Intact \#*P* ≤ 0.05, T5X; Preocclusion versus 1 min, 1.38 min release, 30 min reperfusion +*P* ≤ 0.05, Intact; Preocclusion versus 1 min, 2 min, 3 min, 30 min reperfusion](PHY2-5-e13214-g002){#phy213214-fig-0002}

The lower preocclusion arterial pressure (Panel A) in the mice with paraplegia was the result of a lower cardiac output (Panel B) with no contribution of systemic peripheral resistance (Panel C). Moreover, since preocclusion heart rate was significantly elevated in the mice with paraplegia (Panel D), the lower preocclusion cardiac output was the result of a lower stroke volume (Panel E).

Furthermore, acute coronary artery occlusion significantly reduced arterial blood pressure only in the paraplegic mice (Fig. [2](#phy213214-fig-0002){ref-type="fig"}, Panel A). Thus, paraplegic mice had an impaired ability to maintain arterial blood pressure during coronary artery occlusion as arterial pressure fell to near lethal levels by 1.38 ± 0.64 min. In contrast, intact mice tolerated the ischemic insult, without a significant reduction in arterial pressure, for the entire 3 min without incidence (Fig. [2](#phy213214-fig-0002){ref-type="fig"}, Panel A).

The impaired ability to maintain arterial blood pressure during coronary artery occlusion in paraplegic mice was mediated by a lower cardiac output. Specifically, the reduction in cardiac output was greater in the paraplegic mice at minute 1 of occlusion and at the time of release compared with the 2‐min time point in the intact mice (Fig. [2](#phy213214-fig-0002){ref-type="fig"}, Panel B and Fig. [3](#phy213214-fig-0003){ref-type="fig"}, Panel B). Correspondingly, the increase in peripheral resistance was greater in the paraplegic mice at the time of release compared with the 2‐min time point in the intact mice (Fig. [2](#phy213214-fig-0002){ref-type="fig"}, Panel C and Fig. [3](#phy213214-fig-0003){ref-type="fig"}, Panel C). The lower cardiac output was mediated by a reduced heart rate and stroke volume as the increase in heart rate was smaller in the paraplegic mice (Fig. [2](#phy213214-fig-0002){ref-type="fig"}, Panel D and Fig. [3](#phy213214-fig-0003){ref-type="fig"}, Panel D) while stroke volume was lower in the paraplegic mice (Fig. [2](#phy213214-fig-0002){ref-type="fig"}, Panel E).

![Changes in arterial pressure (Panel A), cardiac output (Panel B), systemic peripheral resistance (Panel C), heart rate (Panel D), and stroke volume (Panel E) from control in conscious intact and paraplegic mice are presented. Paraplegic mice had an impaired ability to maintain arterial blood pressure during coronary artery occlusion as the change in arterial pressure was greater in paraplegic mice (Panel A). The lower arterial pressure was mediated by a larger change in cardiac output (Panel B) as systemic peripheral resistance was elevated in paraplegic mice (Panel C). The lower cardiac output was mediated by a reduced heart rate (Panel D). \**P* ≤ 0.05, T5X versus Intact](PHY2-5-e13214-g003){#phy213214-fig-0003}

Cardiac output and arterial pressure returned near preocclusion values within 30 min of reperfusion suggesting that little or no tissue damage occurred during the ischemia.

Photomicrographs of ventricular sections from intact and paraplegic mice are presented in Figure [4](#phy213214-fig-0004){ref-type="fig"}. The 10 *μ* sections were obtained from the apex through the base (short axis) at 300 micron intervals and processed with Masson Trichrome stain. The only collagen (i.e., blue stain, documenting tissue injury) shows placement of the coronary artery occluder. Thus, little tissue damage occurred during the ischemia and reperfusion protocol. Furthermore, no differences in the ischemic zone between the intact and paraplegic mice were observed (62 ± 5 vs. 60 ± 4%) documenting that the mice were subjected to the same level of ischemia.

![Ventricular sections from one intact and paraplegic mouse are shown. The only collagen (i.e., blue stain, documenting tissue injury) shows placement of the coronary artery occluder. Thus, little tissue damage occurs during the ischemia.](PHY2-5-e13214-g004){#phy213214-fig-0004}

Discussion {#phy213214-sec-0013}
==========

Coronary artery occlusion is a major health concern and the principal cause of death in technologically advanced nations. Coronary artery occlusion is also expected to be the main cause of death in the world by the year 2020 (Murray and Lopez [1997](#phy213214-bib-0059){ref-type="ref"}). Coronary artery disease is the principal cause of coronary artery occlusion. Importantly, individuals living with SCI have an earlier onset of CAD. In fact, CAD is responsible for nearly 20% of deaths in individuals living with SCI and CAD is expected to become more impactful as the life expectancy of individuals living with SCI increases. Autonomic dysfunction, relative physical inactivity, obesity, hyperlipidemia, insulin resistance, diabetes, and chronic inflammation contribute to CAD in individuals living with SCI (Lee et al. [2005](#phy213214-bib-0040){ref-type="ref"}; McKinley et al. [2006](#phy213214-bib-0056){ref-type="ref"}).

Importantly, the danger of an untoward cardiac incident is related to the severity of CAD; suggesting that individuals living with SCI may have a greater risk for myocardial infarction or sudden cardiac death. Thus, the management of CAD for individuals living with SCI is a major health concern and therapeutic goal. Primary prevention programs (including smoking cessation, weight control, increasing physical activity, and cholesterol and/or lipid control) are critically important because prevention is the most cost‐effective and harmless strategy. In fact, it has been suggested that the identification of risks for CAD in individuals living with SCI "may be grossly underestimated in those with SCI, requiring a more aggressive approach to determine the presence of atherosclerotic occlusive vascular disease" (Bauman and Spungen [2008](#phy213214-bib-0005){ref-type="ref"}).

In this study, we systematically investigated if thoracic level 5 spinal cord transection (T~5~X; paraplegia) alters the arterial blood pressure response to coronary artery occlusion and if the different arterial pressure responses to coronary artery occlusion between intact and paraplegic mice are mediated by changes in cardiac output, peripheral resistance, or both and whether variations in cardiac output are mediated by variations in heart rate and or stroke volume. Paraplegic mice had an impaired ability to maintain arterial blood pressure during coronary artery occlusion as arterial blood pressure fell to near lethal levels within the first 2 min of occlusion. The lower arterial pressure was mediated by a lower cardiac output as peripheral resistance was elevated in paraplegic mice. The lower cardiac output was mediated by a reduced heart rate and stroke volume. These results indicate that in T~5~X mice, the arterial blood pressure response to coronary artery occlusion is hemodynamically mediated primarily by cardiac output which is determined by heart rate and stroke volume. Understanding the response to myocardial ischemia in paraplegic mice has the potential to positively impact individuals and families living with spinal cord injury.

The impaired ability to maintain hemodynamic stability may be related to a failure to activate sympathetic outflow below thoracic level 5. This may be due, in part, to the observation that sympathetic preganglionic neurons (SPNs) below the level of the injury undergo morphological changes after SCI. Krassioukov and Weaver documented in rats that SPNs caudal to the lesion lose dendrites and decrease soma size 1 week after the injury; however, the dendritic arbor of SPNs are re‐established 1 month after the injury (Krassioukov and Weaver [1996](#phy213214-bib-0036){ref-type="ref"}). There was also a significant decrease in soma size of SPNs below the level of the injury in an individual who survived for 2 weeks following a SCI at T5 (Krassioukov et al. [1999](#phy213214-bib-0037){ref-type="ref"}). However, the soma size from SPNs below the level of the injury was not different from SPNs above the level of the injury from a person who survived 23 years after a SCI at T3. Taken together, SPNs in spinal segments caudal to the lesion appear to undergo a significant decrease in size 2 weeks after SCI; however, the atrophy observed at 2 weeks appears transient as there is a re‐establishment of normal SPN dendritic arbor and soma size within 4 weeks. (Krassioukov et al. [1999](#phy213214-bib-0037){ref-type="ref"}). The initial atrophy of SPNs is thought to occur as a result of the loss of descending inputs from medullary neurons (Weaver and Polosa [1994](#phy213214-bib-0071){ref-type="ref"}). The initial atrophy of SPNs may contribute to the condition of "spinal shock" where there is a flaccid paralysis, with urinary bladder and bowel atonia, and profound reductions of sympathetic activity. Together, the loss of excitatory drive from medullary centers and atrophy of SPNs likely contribute to reduced sympathetic activity below the level of the injury during the first 2 weeks of a SCI (Teasell et al. [2000](#phy213214-bib-0067){ref-type="ref"}).

Furthermore, myocardial ischemia produces metabolites that evoke a powerful sympathetic reflex that increases arterial pressure, heart rate, ST‐segment, and double product (Lujan et al. [2011](#phy213214-bib-0051){ref-type="ref"}). This cardiac spinal reflex is analogous to the muscle metaboreflex observed in man, rat, and other mammals (Alam and Smirk [1937](#phy213214-bib-0001){ref-type="ref"}; Collins and DiCarlo [1993](#phy213214-bib-0012){ref-type="ref"}). Transection of the dorsal roots disrupts this excitatory sympathetic reflex and reduces heart rate and arterial pressure during myocardial ischemia (Lujan et al. [2011](#phy213214-bib-0051){ref-type="ref"}). In addition, cardiac output and arterial pressure are reduced during myocardial ischemia which initiates a dramatic arterial baroreflex‐mediated increase in sympathetic outflow and decrease in parasympathetic outflow to the heart as well as an increased sympathetic outflow to the vasculature. As noted, individuals with SCI at thoracic level 5 have a functional loss of the cardiac spinal reflex and the arterial baroreceptor reflex *below* the level of the injury and thus fail to excite sympathetic preganglionic neurons below T~5~. This failure to excite sympathetic preganglionic neurons below the level of the injury likely contributes to the impaired ability to maintain arterial blood pressure and cardiac output during coronary artery occlusion.

The failure to excite sympathetic preganglionic neurons below the level of the injury and reduced activity of the skeletal muscle pump likely results in a profound reduction in end‐diastolic volume and stroke volume, secondary to a reduction in venous return (Lujan and DiCarlo [2014b](#phy213214-bib-0047){ref-type="ref"}). This is suggested because reduced activity of the skeletal muscle pump combined with impaired autonomic control of the circulation below the level of the injury can severely impact venous return and reduce cardiac output. In addition, venous pooling can lead to a hypokinetic circulation (Glaser [1985](#phy213214-bib-0022){ref-type="ref"}; Glaser and Davis [1989](#phy213214-bib-0023){ref-type="ref"}). Moreover, therapeutic techniques that enhance venous return increase stroke volume and cardiac output for individuals living with SCI (Hopman et al. [1992](#phy213214-bib-0029){ref-type="ref"}, [1993](#phy213214-bib-0030){ref-type="ref"}; Pitetti et al. [1994](#phy213214-bib-0062){ref-type="ref"}; Kerk et al. [1995](#phy213214-bib-0033){ref-type="ref"}).

In addition, the loss of supra‐spinal control of sympathetic activity to the vasculature innervated below the level of the spinal cord injury results in hypotension. This hypotension initiates a dramatic arterial baroreflex‐mediated increase in sympathetic outflow and decrease in parasympathetic outflow to the heart (Lujan et al. [2012b](#phy213214-bib-0053){ref-type="ref"}). High levels of sympathetic outflow and reduced parasympathetic outflow following SCI induce calcium overload (Sharov and Galakhin [1984](#phy213214-bib-0064){ref-type="ref"}), left ventricular dysfunction, cardiac injury, and ST‐segment elevation (Morita et al. [2010](#phy213214-bib-0058){ref-type="ref"}). These responses likely contribute to the lower stroke volume in paraplegic mice (Lujan and DiCarlo [2014b](#phy213214-bib-0047){ref-type="ref"}).

Loss of supraspinal control of SPNs below the level of the injury would be expected to reduce systemic peripheral resistance and prevent vascular resistance from increasing during coronary artery occlusion (West et al. [2013](#phy213214-bib-0073){ref-type="ref"}). However, vascular resistance of the legs is often increased in individuals living with SCI (Hopman et al. [2002](#phy213214-bib-0031){ref-type="ref"}; Kooijman et al. [2003](#phy213214-bib-0035){ref-type="ref"}; Groothuis et al. [2005](#phy213214-bib-0026){ref-type="ref"}; Thijssen et al. [2007](#phy213214-bib-0068){ref-type="ref"}). Furthermore, individuals living with thoracic SCI have an increase in leg vascular resistance during head‐up tilt that is comparable with that in able‐bodied individuals (Grimm et al. [1997](#phy213214-bib-0024){ref-type="ref"}; Raymond et al. [1999](#phy213214-bib-0063){ref-type="ref"}; Groothuis et al. [2005](#phy213214-bib-0026){ref-type="ref"}). The mechanism(s) most often defined for mediating the elevated vascular resistance in individuals living with SCI are compensatory alterations in other vasoconstrictor pathways including angiotensin II (Krum et al. [1992](#phy213214-bib-0038){ref-type="ref"}; Groothuis et al. [2010](#phy213214-bib-0027){ref-type="ref"}) and endothelin I (Thijssen et al. [2007](#phy213214-bib-0068){ref-type="ref"}) as well as an enhanced sensitivity to norepinephrine (Mathias et al. [1976](#phy213214-bib-0055){ref-type="ref"}; Krum et al. [1992](#phy213214-bib-0038){ref-type="ref"}; Arnold et al. [1995](#phy213214-bib-0002){ref-type="ref"}).

Myocardial ischemia and reperfusion protocols cannot be tested in man. Accordingly, appropriate complex, conscious animal models are essential. In this context, we recorded the response to myocardial ischemia in conscious, chronically instrumented intact and paraplegic mice. It should be considered that the hemodynamic response to coronary artery occlusion is potentially different between rats and mice (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}; Lujan and DiCarlo [2013a](#phy213214-bib-0044){ref-type="ref"},[b](#phy213214-bib-0045){ref-type="ref"}, [2014a](#phy213214-bib-0046){ref-type="ref"},[c](#phy213214-bib-0048){ref-type="ref"}). Specifically, we preformed virtually identical procedures in conscious intact and paraplegic rats and every rat developed sustained ventricular tachycardia within 10 min of coronary artery occlusion (Lujan and DiCarlo [2007](#phy213214-bib-0043){ref-type="ref"}; Lujan et al. [2009](#phy213214-bib-0049){ref-type="ref"}, [2010](#phy213214-bib-0050){ref-type="ref"}). Paraplegic mice however did not develop sustained ventricular arrhythmia as the paraplegic mice tolerated the occlusion for \<2 min. It is important to note however that these paraplegic mice were studied 2 weeks post SCI while the paraplegic rats were studied 4 weeks post SCI (Lujan and DiCarlo [2007](#phy213214-bib-0043){ref-type="ref"}; Lujan et al. [2009](#phy213214-bib-0049){ref-type="ref"}, [2010](#phy213214-bib-0050){ref-type="ref"}). Understanding the differences between species and/or duration of injury may advance the concepts and ideas that drive therapeutic intervention to improve the quality of life for individuals and families living with SCI.

Summary and Conclusion {#phy213214-sec-0014}
======================

Coronary artery occlusion is a major health concern and a principle cause of death in the world (Murray and Lopez [1997](#phy213214-bib-0059){ref-type="ref"}). Autonomic dysfunction, relative inactivity, and adverse changes in muscle mass and adiposity lead to metabolic abnormalities that accelerate the development of CAD; and thus, the potential for myocardial infarction or sudden cardiac death in individuals living with SCI. Accordingly, understanding the response to myocardial ischemia in models of SCI has the potential to be of major importance for advancing the concepts and methods that drive cardiovascular therapies.

Paraplegic mice had an impaired ability to maintain arterial blood pressure during coronary artery occlusion. The lower arterial blood pressure was mediated by a lower cardiac output as peripheral resistance was elevated in paraplegic mice. The lower cardiac output was mediated by a reduced heart rate and stroke volume. These results indicate that in paraplegic mice, the arterial blood pressure response to coronary artery occlusion is hemodynamically mediated primarily by cardiac output which is determined by heart rate and stroke volume.

It should be noted that there are significant differences between mice and man that could profoundly influence the responses. However, studies conducted at many levels, from molecules to man, are critical for finding solutions for individuals with SCI (Lujan et al. [2012a](#phy213214-bib-0052){ref-type="ref"}). Accordingly, an extensive array of investigations, rather than a solitary model is required. Accordingly, the conscious mouse provides an additional tool for understanding cardiovascular responses to coronary artery occlusion in models of SCI.
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